Abstract. We studied the response of physiologically dwarfed (PD) to near normal peach [Prunus persica (L.) Batsch] seedlings ('Johnson Elberta' seeds) to various chilling treatments. Peach seedlings were obtained by forcing seeds that had been subjected to a brief stratification treatment. Seedlings were divided into four types (groups) according to the length of the primary stem and the presence and size of lateral branches. The seedlings were used in a chilling study with treatments of five durations (20 to 60 days) at four temperatures (2 to 14C). Terminal shoot growth and lateral budbreak were recorded 17 days after forcing. Shoot and leaf dry weight were obtained after seedlings had grown for 64 days. Budbreak and growth improved with the duration of the chilling treatment. Generally, 7C was the best chilling temperature, with 2 or 10C only slightly less effective. Treatment at 14C did not promote budbreak or growth. Budbreak and growth had significant interactions between treatment duration and temperature. The seedling type and treatment duration interaction was significant for terminal shoot length, lateral budbreak, and leaf dry weight, but were probably the result of differences between the seedling types before treatment and not true interactions with the length of the treatment. There was a significant interaction between the seedling type and treatment temperature on terminal shoot growth. Subsequent shoot growth did not differ significantly between the seedling types after similar chilling treatments. Thus, shoot growth was the best indicator of the chilling process of 'Johnson Elberta' peach seedlings. Indicators of dormancy removal such as lateral budbreak or terminal shoot growth after 17 days forcing were not good predictors of subsequent seedling growth.
Seeds and excised peach embryos forced to germinate without adequate chilling develop into abnormal seedlings called physiological dwarfs (Chao and Walker, 1966; Flemion, 1934; Zigas and Coombe, 1977) . The highly variable growth of PD peach seedlings (Flemion, 1959; Flemion and Beardow, 1963; Tukey and Carlson, 1945) can be modified to appear normal by applying gibberellic acid or by exposure to long photoperiod (Flemion, 1959) . These treatments modify growth only temporarily and do not overcome the abnormal leaf development problem. PD peach seedlings chilled at 5 to 7C for 35 to 63 days grow and develop normally (Davidson, 1934; Flemion, 1959) .
Does chilling have the same effects on PD seedlings as on seeds, buds from mature trees, or buds of normal seedlings? We tested the ability of endodormant peach seedlings, ranging from severely PD to near normal, to break endodormancy after minimal to optimal chilling treatments. This study also provided data for comparison with the chilling responses of peach seedlings, seeds, and buds of mature cuttings (Frisby and Seeley, 1993c) . 
Materials and Methods
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enhanced the ability to germinate after a brief stratification treatment (Chao and Walker, 1966) . Seeds were placed into plastic bags with peatmoss moistened with a suspension of N-trichloromethylthio-4 cyclohexene 1,2 dicarboximide (Captan) at 0.15% a.i. (w/v) (50 WP, Stauffer Chemical, Westport, Conn.). Temperature control was provided in chambers described previously (Frisby and Seeley, 1993a) . Seeds were stratified for 23 days at 4C, then moved to 20C. No seeds germinated within 10 days, so they were placed at 4C for 10 additional days and again forced at 20C. Germinated seeds were planted in plastic pots (470 cm') containing commercial potting mix (Metro-Mix 300, W.R. Grace & Co., Fogelsville, Pa.). Seedlings remained in the greenhouse from winter until Fall 1987 (283 days). At this time, the seedlings appeared endodormant; growth had stopped, leaves were senescent, and most had abscised. Pesticides to control insects and mites were the same as those described previously for other peach seedlings (Frisby and Seeley, 1993b) .
During seedling growth it became obvious that variable sizes and growth forms existed. After growth ceased, the primary and lateral stems were measured. Seedlings were grouped into four seedling types ( Fig. 1 ): Type 1: Seedlings with very short primary stems {35.7±2.9 mm [±95% confidence interval (CI)]} and short lateral branches [total stem length (TSL) = 39.1±3.7 mm]. These seedlings were true physiological dwarfs. Type 2: Seedlings with medium length primary stems (84.8±3.4 mm) and no lateral branches. These seedlings were semi-physiological dwarfs. This type was the most common. Type 3: Seedlings with short primary stems (40.8±2.7 mm) and long lateral branches (TSL = 188.2 ± 17.5 mm). These seedlings had short primary stems, probably due to severe abnormal leaf problems, which may have caused the shoot apexes to abort (Frisby and Seeley, 1993b; Wang and Beardow, 1968) . Type 4: Seedlings with long primary stems (156.3±4.2 mm) and no lateral branches. These seedlings demonAbbreviations: CI, confidence interval; PD, physiologically dwarfed; TSL, total stem length. strated normal growth and development, but probably were smaller than seedlings from seeds stratified for longer durations. A split-plot experimental design was used with factorial treatment combinations. The main plot included four seedling types. The subplot included the five durations (20, 30, 40, 50 , and 60 days), four temperatures (2, 7, 10, and 14C) of chilling, and interactions. Three single-seedling replications were used per treatment.
Growth chambers were used to provide the temperature treatments [models CEL 37-14 (Sherer, Marshall, Minn.), PT-80, PGW-132, MB-60B (Percival, Boone, Iowa) for 2, 7, 10, and 14C, respectively]. Seedlings were kept in darkness during treatment.
Mean temperatures recorded during the experiment were 2.4 ± 0.3, 7.1 ± 0.3, 9.8 ± 0.1, and 14.1 ± 0.04C ( ±95% CI, chart recorders). All seedlings were removed from treatments simultaneously. Seedlings were arranged randomly in a greenhouse set at 24/21C (day/night). The natural photoperiod (from 24 Nov. 1987 to 27 Jan. 1988) was extended to 14 h by use of 1000W high pressure sodium lamps. Each seedling was fertilized with 5.1 ± 0.2 g (±95% CI) of a slow release fertilizer (10N-8.8P-5.7K, Osmocote, Sierra Chemical, Milpitas, Calif.).
Terminal shoot growth (length from the bud scales to the tip of longest leaf) was recorded after 17 days of forcing in the greenhouse. When the terminal shoot was dead, the longest lateral terminal shoot was used for analysis purposes. This situation was common with the third seedling type. Lateral budbreak (apparent leaf growth) was recorded 17 days after chilling as number per centimeter stem length.
Seedlings were harvested after they had grown for 64 days. Each seedling was cut at the soillevel, enclosed in a plastic bag, and placed in a cold chamber (0 to 2C) until measured. Measurements of original growth included length and dry weight of the original, primary, and lateral stems (to calculate lateral budbreak per centimeter). Measurements of new growth included total shoot (21.5 cm) and leaf dry weights (dried at 60C).
A split-plot design was used to analyze the data (Table 1) . Treatment durations producing no response were excluded from the analysis of variance (ANOVA) calculations. Correlations were used to demonstrate similar responses between the measurements after chilling. Zero values were not used in calculating the correlation coefficients. Fig. 2 . Interaction between temperature and treatment duration for terminal shoot length and lateral budbreak after 17 days of forcing and shoot and leaf dry weight after 64 days of growth of peach seedlings ('Johnson Elberta' seeds). Values were averaged over the four seedling types. The bars equal the LSD 0.05 for differences among duration and temperature combinations. Trend analysis is provided in Table 1 . Table 1 . Split-plot ANOVA tables for terminal shoot growth, lateral budbreak, shoot dry weight, and leaf dry weight after chilling of seedlings ('Johnson Elberta'). The general design included four seedling types (from severely dwarfed to near normal), five durations (20, 30, 40, 50 , and 60 days), and four temperatures (2, 7, 10, and 14C). Durations that led to no growth or budbreak were not included in the ANOVA calculations. Trend analysis is also provided for the main effects and significant interactions. z This ANOVA did not include the 20-and 30-day durations. y These ANOVA did not include the 20-day duration. NS,*,**,*** Nonsignifcant or significant at P = 0.05, 0.01, or 0.001, respectively.
Results and Discussion
All main effects and many interactions were significant (Table  1) . Logistics required that temperature treatments be provided simultaneously in the same growth chamber (only four growth chambers). We understand that this underestimated the error terms for the true variability of the systems. Generally, the probabilities for the F tests were extremely low, indicating with little doubt that these F tests were significant (Table 1) .
Interactions between duration and temperature indicated that terminal shoot growth, lateral budbreak, shoot growth, and leaf growth all increased with longer chilling times at 2 to 10C (Fig. 2) . No significant budbreak or growth occurred when seedlings were treated at 14C. Very little terminal shoot growth occurred until the seedlings were treated for at least 50 days at 2 to 7C. Terminal shoot growth had a high temperature optimum (7 or 10C) after chilling for 60 days. However, this result may be evidence of heat unit accumulation after the chilling requirement was completed. Lateral budbreak increased significantly between 30 and 40 days of chilling. There were no differences in lateral budbreak between 2, 7, and 10C. Leaf growth increased continuously with longer treatment durations. Leaf growth was significantly greater after chilling at 7C for 50 days, but there were no differences between 2, 7, and 10C at other durations. Shoot growth increased continuously with a quadratic response to temperature after 30 days of chilling, with an optimum at 7C.
Significant interactions occurred between seedling type and treatment duration for terminal shoot length, lateral budbreak, and leaf dry weight (Fig.3) . Most of these differences can be explained by the differences between the seedling types before treatment. However, the most highly dwarfed seedlings (type 1) produced the most terminal shoot growth after subsequent chilling. This result suggested that PD trees may have the ability to store significant reserves, possibly partitioning more to the roots for later growth (not investigated). Lateral budbreak (per centimeter) was also highest for the smallest seedlings (type 1). These seedlings were severely dwarfed and had short internodes and more potential buds to break per centimeter. Still, root generated hormone levels may be higher in severely dwarfed seedlings (not investigated). Chilling enhancement of lateral budbreak was completed with only 40 Fig. 3 . Interaction between peach seedling type and treatment duration for terminal shoot length, lateral budbreak, and leaf dry weight of peach seedlings ('Johnson Elberta'). Values were averaged over four temperatures (2 to 14C). S represents the lsd 0.05 bar for comparison among seedling types when the duration is fixed. D represents the lsd 0.05 bar for comparison among durations when the seedling type is fixed. Trend analysis is provided in Table 1. days stratification for seedlings with lateral stems (types 1 and 3). Seedlings with no lateral shoots (types 2 and 4) showed increasing budbreak with longer chilling. Leaf dry weights indicated that the larger seedlings (more original stem length) developed more leaves. This effect was enhanced after longer chilling treatments. The only significant interaction between chilling temperature and seedling type was for terminal shoot growth (Fig. 4) . The two larger seedling types (types 3 and 4), had similar terminal shoot growth when treated between 2 to 10C. The smallest seedlings (type 1) had the most terminal shoot growth when treated at 7C. (near normal). Yet, seedling type 2 (short terminal and no lateral shoots) had the most terminal shoot growth when they were treated at 10C. The importance of these differences has not been determined.
Correlations between terminal shoot growth and budbreak (after 17 days forcing) and total leaf and shoot seedling growth (after 64 days of growth) were low (Table 2) . Different seedling types may have prevented good correlations due to population differences, so the same correlations were calculated for each seedling type. Correlations between terminal shoot growth and shoot or leaf dry weight were relatively high for the smallest seedling type (type 1), but they were lower for the larger types (Table 2 ). We had hoped that terminal shoot growth or lateral budbreak could have been used as a predictor of subsequent seedling growth, but this was not possible with a single bud reading at 17 days of forcing.
Terminal shoot growth and lateral budbreak after 17 days forcing and total leaf and shoot growth after 64 days, all increased significantly after chilling treatments longer than 40 days. The
